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ABSTRACT 
The Production of complex shaped Alumina ceramics has historically been labor intensive and 
costly. Recent advancements in 3D printing technologies have allowed for desktop indirect 
Selective Laser Sintering (iSLS) machines to become commercially available to consumers. 
These machines allow for complex 3D geometry alumina ‘green’ parts to be printed from a 
powder base mixture of PA12 polymer binder and a eutectic mixture of titanium oxide (TiO2) and 
alumina (Al3O2). 
This study aims to optimise binder burnout and sintering temperature profiles in order to produce 
dense Alumina ceramics. The binder burnout and sintering temperature profile contain three key 
variables: rate of temperature change, maximum temperature and maximum temperature hold 
time.  
A binder burnout temperature of 550˚c was chosen for this study as it exceeds the minimum 
decomposition temperature of PA12 (Duddleston, 2015). A sintering temperature of 1500˚c was 
achieved due to the use of a eutectic mixture of Al3O2 and TiO2 . 
Multiple 1cm3 cube green part samples were printed using a desktop Sharebot SnowWhite iSLS 
printer. It was ensured that all cubes were printed using the same iSLS parameters using 20% 
weight PA12 and 80% mass Al3O2 - TiO2 powder. These samples were then placed in a furnace 
where the PA12 was burnt out at 550˚c and then moved to a second furnace where they were 
sintered at 1500˚c.  The samples were held for varying periods of time at the aforementioned 
temperatures and the rate of temperature change to each temperature was also varied. The masses 
of the samples were monitored over the course of the experiment in order to monitor density 
change. 
It was found that sintering hold time and the binder burnout rate of temperature change had the 
greatest effect on the final sintered samples. A lower rate of temperature change in binder 
burnout allowed the samples to hold their original form and prevent collapse during burnout, a 
higher rate of temperature change resulted in deformed ceramics. Samples sintered at 1500˚c for 
less than three hours and analysed under a Scanning Electron Microscope displayed signs of 
localised sintering or necking between alumina particles. This suggested that 1500˚c was 
sufficient but that the sintering dwell time at this maximum temperature was insufficient. 
Samples sintered for five hours or longer at 1500˚c displayed significant densification and 
widespread particle sintering when analysed under SEM. 
These results demonstrated that relatively dense alumina ceramics can be successfully 
manufactured through iSLS at temperatures as low as 1500˚c without significant deformation. 
Further research could be undertaken to trial the optimised temperature profiles with complex 
geometric samples as well as with higher percentage weight alumina samples. 
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1. INTRODUCTION 
Alumina (Al2O3) based ceramics are a common engineering material that has a wide array of uses 
in high temperature applications [1] [2] [3]. This is due to its low electrical conductivity, low 
density, reasonable mechanical properties and low cost price. Due to alumina’s high melting 
temperature and brittleness, components are traditionally formed via powder metallurgy [4], a 
process in which a ceramic powder is pressed into pre formed moulds and then sintered in a 
furnace (Figure 1). Alumina’s extreme brittleness and hardness make post pressing extremely 
difficult and expansive, as it requires either the use of expensive diamond tooling or complex 
experimental apparatus [2]. This means that complex shape geometries are expensive, time 
intensive and extremely difficult to construct.  
To circumvent post processing, additive manufacturing (AM) has become a prevalent method for 
manufacturing complex 3D geometric ceramic parts [5].  Additive manufacturing allows for 
design freedom, cost savings and scalability. Common additive manufacturing techniques are 
based around Powder Bed Fusion methods, such as Selective Laser Sintering, Selective Laser 
Melting and indirect Selective Laser Sintering. PBF methods involve selectively solidifying a 
powder base into a solid part [6]. 
Selective Laser Sintering uses a high powdered laser to selectively sinter a powder base to 
produce a solid object. However directly sintering ceramic powders such as alumina have a high 
probability of producing critical flaws through extreme thermal stresses [7]. Another form of SLS 
known as indirect Selective Laser Sintering (iSLS) involves to use of binder powder that is 
selectively sintered to bond together a primary ceramic powder. The sample is then de-binded 
through thermal decomposition and sintered in a high temperature furnace, producing a highly 
porous ceramic part [8] [9]. 
The ability to control the porosity of the final ceramic part is important in producing viable 
ceramic parts. In this study an Alumina – Titanium Oxide eutectic mixture with a Nylon PA12 
binder will be produced using iSLS and various binder burnout and high temperature sintering 
profiles will be investigated in order to determine the feasibility of controlling the final porosity 
of ceramic samples.  
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1.1 MOTIVATION 
Alumina ceramics are widely used in industries that require high wear resistance, temperature 
resistance and low conductance. The ability to accurately control the porosity of complex shaped 
alumina ceramics would have drastic effects on the resource engineering industries. 
iSLS has the ability to produce low cost porous alumina ceramics but further research needs to be 
conducted into the controllability of final porosity and density. 
The binder burnout and high temperature sintering temperature profiles are variables that are 
easily controlled in the manufacture of iSLS ceramics and the study of their affects in porosity 
and density could prove be very valuable. 
1.2 PROJECT OBJECTIVES 
Examine the feasibility of producing porous alumina ceramics through iSLS by determining the 
relationship of furnace sintering profiles to the final density and porosity of ceramic parts. The 
objectives of the project are as follows 
1. Optimise the binder burnout profile of the alumina ceramic part to remove all PA12 nylon 
binder at the lowest temperature and shortest time. 
2. Optimise the high temperature sintering profile of the alumina ceramic part and determine 
the role of sintering temperature and dwell time on the porosity and density of final 
ceramic part. 
3. Characterise the porosity of the final ceramic part to determine pore structure. 
1.3 PROJECT SCOPE 
Ceramic parts were produced from a eutectic mixture of two ceramic powders, Alumina (AL2O3) 
and Titanium Dioxide (TiO2) combined with a Nylon PA12 binder. The eutectic mixture and 
weight percentage ratios are listed in section 3. Ceramic samples were fabricated through iSLS 
and subjected to low temperature binder burnout and high temperature sintering. Mass and 
volume measurements were periodically taken in order to calculate density changes throughout 
the experiment and SEM imaging was undertaken to characterise the morphology of the ceramic 
samples. The areas of study for this project are outlined in Table 1: Project Scope. 
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Table 1: Project Scope 
In Scope Out of Scope 
• Fabrication of green parts from ceramic 
and nylon powder  
• Effect of binder burnout dwell time and 
temperature on the density of the ceramic 
samples. 
• Effect of high temperature sintering dwell 
time and temperature in the density and 
porosity of the ceramic samples, 
• Determine the    
 
• High temperature sintering heating and 
cooling rates effect on density and 
porosity 
• Binder burnout heating and cooling rates 
effect on density and porosity 
• Mechanical properties of ceramic samples 
pre and post sintering 
• iSLS machine parameters effect on density 
and porosity. 
• Post processing of ceramic samples to 
enhance density.] 
• Varying powder composition 
1.4 PROJECT WORK PLAN 
 
Figure 1: Project Work plan 
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2. LITERATURE REVIEW 
2.1 ALUMINA PROPERTIES 
Alumina is a widely used ceramic because if its availability, wear resistance, hardness and 
thermal resistance. The ability to produce complex 3D shapes whilst controlling density and 
porosity has been a significant area of study in the materials industry [10] [11]. 
2.2 ADDITIVE  MANUFACTURING  
Current additive manufacturing techniques include 
- Laminate object manufacturing (LAM). 
- 3-D printing. 
- Selective Laser Sintering (SLS). 
- Selective Laser Melting (SLM). 
- Indirect Selective Laser Sintering (iSLS). 
Of these methods, laser based techniques such as SLS, iSLS and SLM offer the best results and 
have the ability to manufacture a wide array of materials [12]. 
iSLS, SLM and SLS work by selectively heating a specific area of a powder base until the 
material either sinters or melts. iSLS differs in that a non-ceramic binder is sintered instead of a 
ceramic powder. SLM and SLM produces near complete dense parts but result in parts with poor 
mechanical properties and large amounts of structural defects and abnormalities due to high 
thermal stresses [13] [14]. 
 
Figure 2: Selective Laser Sintering or Melting Process [9] [15] 
  Page -  12 
iSLS manufacturing like SLS uses a laser to selectively sinter the top most layer of a powder bed 
but does so to sinter a polymer binder. The sintering of the polymer binder has little to no effect 
om the ceramic powder due to the extreme differences in there melting points (178˚c compared to 
2072˚c) [16] [17].  PA12 Nylon is an optimal binder because of its low melt point, low viscosity 
allowing the binder to wrap around the alumina particle during sintering [18]. 
2.3 INDIRECT SELECTIVE LASER SINTERING (ISLS) 
Ceramics manufactured by iSLS must be further processes in order to remove the polymer binder 
and sinter the remaining ceramic powder. The heating and cooling rates, max temperature and 
max temperature dwell time can all be altered in binder burnout and high temperature sintering.  
2.4 POWDER CHARACTERISTICS AND EUTECTIC CERAMICS 
Eutectic ceramics are compounds of two or more ceramics in which the melting point of the 
compound is lower than either of the individual ceramics [19]. Alumina – Titanium Oxide has a 
Eutectic point of at 20mol.% or 16.37 wt.% Titanium Dioxide, refer Figure 3:+ Al2O3 TIO2 
Phase diagram  for phase diagram. 
 
Figure 3:+ Al2O3 TIO2 Phase diagram [20] 
The eutectic compound offers increased resistance to thermal shock, lower conductivity and 
lower thermal expansion than a straight alumina ceramic [19]. Manufacturing of Alumina-
Titanium Oxide eutectic ceramics via ISLS has yet to be undertaken, the ability to manufacture 
them in complex 3D geometries would have tangible influence on the materials industry. 
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2.5 BINDER BURNOUT 
Binder burnout Is paramount in the production of iSLS ceramics. The de-binding must be slow 
enough such that rapid polymer degradation does not cause the expansion and deformation of 
samples yet fats enough to be commercially viable.  
Binder removal can be achieved by three main methods; 
1. Capillary flow, 
2. Solvent extraction, 
3. Thermal decomposition. 
Thermal decomposition is the most common and easily achievable method, Initial the binder 
weakens at lower temperatures (200˚c) and the larger pores begin emptying [21]. Following this 
the small pores begin to empty and the melt begins to redistribute. Lastly the small residue still 
contained in the sample is removed by thermal decomposition and evaporation.  
 
To ensure sufficient binder burnout the temperature of the furnace must reach temperatures in 
excess of the decomposition temperature of PA12, Thermogravimetric Analyses studies 
conducted by Duddleston, L [22] found the onset of decomposition of PA12 to occur a minimum 
of 407 ̊c. This sets the absolute minimum temeprature for binder burnout. Z.H. Lie et al 
experimented with burnout profiles, the first involved five different temperature change rates 
with and the second had a constant temperature change rates of 0.2 ̊c/min.  
 
Figure 4: TGA of PA12 [23] 
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Lie was successful in producing parts that “exhibited some strength” and “allowed for careful 
transport from one place to another” [15] [24]These burnout profiles, whilst effective, take days 
(between 2 and 3). In contrast, Li, C et al conducted binder burnout of an Epoxy Resin E06 green 
part for only 20 hours (including cool down) Profile resulted in complete binder decomposition 
and high relative density parts (approximately 77%) [25]an adjustment of this profile to a PA12 
binder is detailed in Figure below.  
 
Figure 5: Binder Burnout Profile [25] 
The binder burnout process must be carefully controlled in order to minimise structural damage 
to the shape of the sample, shrinkage and bubble formation can lead to structural collapse or loss 
of structural integrity.  
2.6 HIGH TEMPERATURE SINTERING 
Alumina – Polymer composite sintering profiles are widely studied and known. High temperature 
sintering usually occurs at rates of 5˚c/minute with dwell times of 2 hours at temperatures of 
1500˚c and above. [26] [27]. However, the high temperature sintering of alumina – titanium 
oxide eutectic ceramics has not been widely studied. An optimal temperature profile would be 
one that limits thermal shock to the sample yet allows for a controllable final porosity and 
density. A Bettinelii et al have successfully achieved sintered parts with relative densities around 
95% with the addition of silicate (CaSIO3). This occurred through liquid phase sintering due to 
the silicates low melting point [28]. Bettinelii also reported that the addition of transition metal 
oxides, such as titanium oxide promoted grain growth in the sintered samples [11].  
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Z.H. Lie et al and most literature sources propose a sintering profile that consists of three 
sections, a consistent ramp up in temperature, followed by a constant temperature hold of around 
1600 ̊c and then a cool down to room temperature,  Figure 6 details the proposed profile that a 
methodology can be based upon. 
 
Figure 6: Common High Temperature Sintering Profile 
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3. EXPERIMENT  
3.1 POWDER PREPARATION 
A constant powder composition was used to manufacture green part samples through the 
experiment. Along with Alumina and Titanium Dioxide, Nylon PA12 was used a polymer binder 
for iSLS process. The powder characteristics are listed in Table 2. 
Table 2: Powder Characteristics 
 Purity Particle Size Brand Density (g/cm3) 
Alumina  99.90% 15-45µm  METCO6103 3.987 
Titanium Dioxide 99.00% 38-150µm METCO6233C 4.230 
Nylon PA12   Duraform PA 1.010 
 
The particle size of the Alumina and Titanium Dioxide was confirmed using SEM as presented in 
Figure 7: SEM Images of (a) Alumina and (b) Titanium Dioxide 
 
Figure 7: SEM Images of (a) Alumina and (b) Titanium Dioxide [29] 
The powder was mixed in the ratios listed in Table 3 using a Turbula T2C Shaker-Mixer for a 
minimum of 5 hours or until the powder displayed a clear homogenous distribution. In order to 
facilitate bulk powder preparation, the powder was prepared in batches of 500g at the 
composition listed in Table 3. 
Table 3: Powder Composition 
 Alumina Titanium Dioxide Nylon PA12 
Weight % 20.00% 66.90% 13.10% 
Volume % 42.49% 49.71% 7.82% 
Mas per batch 100.00g 334.50g 65.50g 
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3.2 ISLS PROCESS 
The initial iSLS parameters were based in those optimised by Michael Mercieca in his study “The 
feasibility of using thermoplastic polymers to form ceramic green parts by selective laser 
sintering” 
 
The iSLS process used a Sharebot SnowWhite SLS desktop machine to fabricate alumina green 
samples using a 14-Watt (Max) carbon dioxide (CO2) laser. The laser selectively sintered the 
PA12 binder in the bed of the machine to form cross-sectional 2D objects. The SLS machine then 
deposited a new layer of powder and repeated the process until a final 3D object was printed from 
the 2D slices. 
 
The samples were fabricated using the parameters listed in Table 4: SLS Machine Parameters  a 
full table of machine operating parameters can be found in Appendices 1 – Mass Volume and 
Density Data 
Table 4: SLS Machine Parameters [29] 
Parameter Value 
Powder 5.6 Watts 
Scan Speed 2400mm/s 
Scan Spacing 100 
Layer Thickness 100 
Powder bed Temperature 139˚c 
 
All samples were printed in the form of 10mmx10mmx10mm cube, the mass and final volume of 
each green part was measured and the density calculated the methods mentioned in section 5.1 
and the following formulas. 
  
  Page -  18 
3.3 BINDER BURNOUT + HIGH TEMPERATURE SINTERING 
Initial experiments were carried that combined binder burnout and high temperature sintering into 
a single temperature profile. These experiments were conducted in a LHT08/18 Open Air Box 
Furnace using the temperature profiles in Figure 8 Figure 9. 
 
Figure 8: Temperature Profile P-1 (Binder Burnout + High Temperature Sintering) 
 
Figure 9: Temperature Profile P-2 (Binder Burnout + High Temperature Sintering) 
3.4 BINDER BURNOUT 
Alumina ceramic green parts were placed in a Carbolite Inert Gas Tube Furnace in order for the 
Nylon PA12 binder to be removed through thermal decomposition. Four binder burnout profiles 
were used with the following parameters Table 5: Binder Burnout Temperature Profile 
Parameters 
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Table 5: Binder Burnout Temperature Profile Parameters 
Parameter Profile-3 Profile-4 Profile-5 Profile-6 
Heating Rate (˚c/minute) 1.7 1.7 1.7 1.7 
Cooling Rate (˚c/minute) 4.0 4.0 4.0 4.0 
Max Temperature (˚c) 550 600 550 600 
Dwell Time (minutes) 60 60 120 120 
Total Time (minutes) 500 545 560 605 
 
(FIGURE XXXXX) display the binder burnout profiles visually. Compared to literature, higher 
heating and cooling rates were used with shorter dwell times. This is due to physical limitations 
of the furnace types being used. 
 
 
Figure 10: Binder Burnout Temperature profiles, (a) P-3, (b) P-4, (c) P-5 and (d) P-6 
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The Carbolite Inert Gas Tube Furnace allowed for the flow of inert nitrogen gas over the samples 
during binder burnout and this was kept constant at a rate of (XXXX RATE OF NITROGEN 
FLOW) for all profiles. 
3.5 HIGH TEMPERATURE SINTERING 
After binder burnout, alumina samples were weighed and their volume measured. Following this 
they were placed in a LHT08/18 Open Air Box Furnace where they would be sintered into a final 
alumina ceramic. Four profiles were used for sintering with the following parameters and are 
displayed in Table 6 and Figure 11.  
 
Table 6: High Temperature Sintering Profile Parameters 
Parameter Sintering-7 Sintering-8 Sintering-9 Sintering-10 
Heating Rate (˚c/minute) 2.0 2.0 2.0 2.0 
Cooling Rate (˚c/minute) 4.0 4.0 4.0 4.0 
Max Temperature (˚c) 1500 1500 1500 1600 
Dwell Time (minutes) 60 180 300 60 
Total Time (minutes) 1300 1420 1540 1380 
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Figure 11: High Temperature Sintering Profiles, (a) S-7, (b) S-8, (c) S-9 and (d) S-10 
3.6 SEM MORPHOLOGY CHARACTERISATION 
Using a Scanning Electron Microscope (Hitachi, Tabletop Microscope TM1030) at a voltage of 
15kV, the microstructure of samples pre binder burnout and post high temperature sintering were 
studied. This process involved the following steps. 
1. Sample geometries were modified to fit within a 13mm diameter circle. 
2. Samples were cleaned with a fine brush to remove foreign objects. 
3. Samples were mounted on 13mm diameter aluminum pins using adhesion pads. 
4. Samples were coated with 15nm of Iridium in order to make them conductive (necessary 
for SEM imaging). 
5. Samples placed in the Hitachi tabletop SEM imaging machine and the chamber evacuated 
of atmosphere. 
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5.1 DENSITY CHARACTERISATION 
In order to monitor density change across the experiment, volume and mass measurements were 
taken at three distinct intervals; 
1. Post manufacturing before binder burnout, 
2. Post binder burnout 
3. Post high temperature sintering. 
Since the structures of the samples were not perfect cubes throughout the experiment, steps had 
to be taken in order to get feasibly results. To do this, two methods were used; 
1. Structural modification of deformed samples into rectangular prisms. 
2. Where structural modification could not be performed to create rectangular prisms, 
trapezoidal prims were formed instead.  
In order to quantify density changes, the following calculations were used and average values 
tabulated. Density	 = Mass	of	part	 gVolume	of	Part	 cm7 		Relative	Density = DensityTheoretcial	Density ∗ 100	 % 		Theoretcial	Density = wt%	AlBO7 ∗ ρEF + wt%TiOB ∗ ρHI + wt%PA12 ∗ ρKELB 	
 
 
Volume measurements were made using digital hand calipers and volume calculated using a 
trapezoidal formula which was used in order to account for printing inaccuracies and deformities. V	 cm7 = 12 a + b ∗ h ∗ d 
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5.2 POROSITY CHARACTERISATION 
Porosity was characterised in two ways; 
1. Visual inspection of SEM images in order to examine pore structure 
2. Saturation method 
The Saturation method allowed for quantitative measurements to be made and involved the 
following procedure. 
1. Measurement of dry mass of each sample 
2. Saturation of dry samples in a liquid of known density (water or ethanol) 
3. Measurement of the saturated mass of each sample 
4. Dividing the mass of liquid absorption by the density of the liquid in order to obtain a 
volume of liquid absorption 
5. Comparing the volume of liquid absorbed to the measured volume of the dry sample in 
order to obtain percentage measurement of apparent porosity 
6. classify as open or closed pored based on apparent porosity. 
 Volume	Water	Aborsbed = VPQRST = mUQR − mWTXρYQRST 	Apparent	Porosity	(%) = 	Volume	Water	AbsorbedDry	Volume ∗ 100 
 
If a sample has a relatively large apparent porosity, then it can be deduced that it has an open 
pore structure as the water is able to fill a large percentage of the open cavities inside the sample. 
Saturation Method Confirmation: 
In order to confirm the pore structure of the samples, the following formula was used. 
 VQF\]I^Q = mWTXρQF\]I^Q	= mWTX3.897		 TVP = VQF\]I^Q + VYQRSTV]SQU\TSW ∗ 100 
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Where: V]SQU\TSW = Volume	of	sample	when	measured	with	digital	calipers	mWTX = mass	of	dry	sample	VQF\]I^Q = Volume	of	alumina	in	sample	(if	atmax density)	TVP = Total	Volume	Percentage	(%) 
 
A TVP close to 100% confirms that all pores have absorbed the liquid since the volume of the 
liquid absorbed and the volume of the alumina particles should theoretically equal the volume of 
the entire sample. 
 
All mass measurements were obtained with a Kern ABS-N/ABJ-NM Analytical balance with an 
accuracy rounded from four decimal points (0.0001g) to three decimal points (0.001g). 
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4. RESULTS AND DISCUSSION 
4.1 SINGLE FURNACE   
Initial samples were subjected to temperature profiles P-1 and P-2 which combined binder 
burnout and high temperature sintering in a LHT08/18 Open Air Box Furnace without the need to 
transfer samples between binder burnout and high temperature sintering. The binder burnout 
portion of the single stage process used the optimum profile (P-4) identified in section 4.2. The 
mass of each sample was recorded prior to sintering and post sintering and is detailed in Figure 
12. 
 
Figure 12: Sample mass loss from pre binder burnout to post high temperature sintering 
Combing binder burnout and high temperature sintering into one stage resulted in significant 
deformities in the final sintered samples. Each sample was unable to maintain its structural 
integrity throughout the process. Figure 13 shows displays samples post single stage sintering, 
they have completely lost their structure and no longer resemble cubes. 
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Figure 13: Samples post single stage sintering 
As a result of these severe structural deformities, the volume of the final sintered samples could 
not be accurately measured using digital calipers. In order for accurate measurements to be 
obtained, samples were altered with razor blades until a uniform cube was formed and could be 
measured with calipers. Figure 14 shows samples before and after modification. 
 
Figure 14: (a) Green Part, (b) Post High Temperature Sintering, (c) Altered Sample 
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After structural modification, sample density could be calculated, Figure 15: Scatter plot of final 
relative density displays a scatter plot of the relative density of all measureable single stage 
sample relative densities. 
 
Figure 15: Scatter plot of final relative density 
Combined binder burn out and high temperature sintering was unsuccessful in producing highly 
dense Alumina samples. The low densification compared to separate binder burnout and high 
temperature sintering can be attributed to two factors. 
1. The open air box furnace used lacked the precise temperature control that is required for 
successful binder burnout 
2. The lack of a inert gas ventilation resulted in PA12 binder decomposition vapors 
encompassing the alumina samples. 
Factor 2 would reduce the ability of decomposition vapors to escape the alumina samples during 
the binder burnout process and displays a proposed analysis of binder vapor removal during 
thermal decomposition.   
  
Figure 16: PA12 degradation vapor dispersal in (a) open air box furnace, (b) inert gas tube furnace  
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4.2 BINDER BURNOUT 
Binder burnout temperature and dwell time were varied in order to determine an optimum binder 
burnout temperature profile.  Temperature profiles P-3 through P-6 were tested and the mass of 
samples recorded pre binder burnout (green part) and post binder burnout in order to calculate 
average mass loss Figure 17 and determine the optimum binder burnout profile. Six samples were 
tested per profile and the full set of data can be found in Appendices 1 – Mass Volume and 
Density Data. 
 
 
Figure 17: Binder Burnout Mass Change, (a) P-1, (b) P-2, (c) P-3 and (d) P-4 
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Figure 18: Binder burnout average percentage mass change 
As each sample tested had a 20% weight PA12 binder, all temperature profiles successfully 
achieved complete binder burnout as reflected by a mass change greater than 20%. This suggests 
that dwell time above 60 minutes and burnout temperatures above 55˚c are inconsequential to 
binder burnout. The extra mass loss across the temperature profiles can be attributed to two 
factors; 
1. alumina adhesion to crucible during binder burnout out, 
2. mass loss during furnace removal and weighing. 
As the samples were only subjected to max temperatures of 1100˚c, there was not time sufficient 
temperature or dwell time for wide spread alumina sintering to occur. 
 
Since profile 6 (P-6) achieved complete binder burnout at a lower dwell temperature (550˚c) and 
at a shorter dwell time (60 minutes) it proved the optimum temperature profile. The minimisation 
of alumina mass loss (-20.55%) to crucible adhesion and or handling also contributed to this 
conclusion.  
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4.3 HIGH TEMPERATURE SINTERING  
Post binder burnout it was observed that all specimens went from a grey exterior appearance and 
a pure white colour. Post high temperature sintering, this white exterior changed to a light yellow. 
4.3.1 Mass and Volume Change  
The volume and mass of each sample was recorded at each stage of the manufacturing process 
(After iSLS fabrication, post binder burnout and post high temperature sintering). The data 
presented in Figure 19Figure 20Figure 21Figure 22 is the average mass of six individual sample 
at each stage of manufacturing The full data table scan be found in Appendices 1 – Mass Volume 
and Density Data. 
 
Figure 19: Profile S-7 - 1 hours @ 1500˚c 
Figure 20: Profile S-8 - 3 hours @ 1500˚c 
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Figure 21: Profile S-9 - 5 hours @ 1500˚c 
 
Figure 22: Temperature Profile S-10 - 1 hour @ 1600˚c 
 
Across all profiles, mass change was near constant (-20.51%) after accounting for losses due to 
handling and crucible adhesion. This was due to complete PA12 burnout being achieved in the 
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excessive handling. It was observed that all samples retained their structural integrity throughout 
high temperature sintering no matter the temperature profile used. Increasing sintering dwell time 
to 5 hours at 1500˚c (S-9) from 1 hour at 1500˚c (S-7) resulted in additional 11.72% in volume 
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reduction. This reduction as achieved without the appearance of structural defects or 
abnormalities and increased physical properties.  
Sintering dwell times at 1600˚c for 1 hour (S-10) offered negligible volume reduction when 
compared to sintering dwell times at 1500˚c for 1 hour (S-7). However, S-10 samples displayed 
properties of higher spread neck formation. 
Sintering dwell times for 3 hours or longer at 1500˚c (S-8 and S-9) displayed the greatest volume 
reductions, 37.02% and 42.88% respectively. However only S-9 samples displayed complete 
sintering, as can be seen in SEM MorphologySEM Morphology 
 
From this data it was concluded that sintering dwell time had a significant impact on sample 
volume reduction compared to sintering temperature. However all sintering profiles produced 
samples without significant structural abnormalities or defects. 
 
Figure 23:Volume change from green part to post high temperature sintering 
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4.3.2 4.3.2 Density Change 
Form the volume and mass measurements taken in Section 4.3.1, the density of each sample was 
calculated at each stage of the manufacturing process. The data presented in Figure 24 - Figure 27 
present the average density at each stage for temperature profiles 7 -10. The full data table can be 
found in Appendices 1 – Mass Volume and Density Data. 
 
 
Figure 24: Profile S-7 – 1 hours @ 1500˚c  
 
Figure 25: Profile S-8 – 3 hours @ 1500˚c 
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Figure 26: Profile S-9 – 5 hours @ 1500˚c 
 
Figure 27: Profile S-10 – 1 hours @ 1600˚c 
Using equation relative density equation the theoretical density of the alumina green part, post 
binder burnout sample and post high temperature sintering samples was calculated. 𝐺𝑟𝑒𝑒𝑛	𝑃𝑎𝑟𝑡	𝑀𝑎𝑥	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 69.10% ∗ 3.897 + 13.10% ∗ 4.230 + 20% ∗ 1.010	= 3.449	𝐴𝑙𝑢𝑚𝑖𝑛𝑎	𝑃𝑜𝑠𝑡	𝐵𝑖𝑑𝑛𝑒𝑟	𝐵𝑢𝑟𝑛𝑜𝑢𝑡	𝑀𝑎𝑥	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 66.90% ∗ 3.897 + 13.10% ∗ 4.23069.10% + 13.10% 	= 3.950 
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Using the calculated theoretical densities, the relative densities of each sample was calculated and 
detailed in Figure 28: Average Bulk Density of Samples. 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐷𝑒𝑠𝑛𝑖𝑡𝑦	(%) = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑑𝑒𝑛𝑖𝑠𝑡𝑦𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 100 
 
Figure 28: Average Bulk Density of Samples 
 
Figure 29: Final sample density v sintering dwell time 
Post binder burnout bulk density remained constant no matter the profile used as optimised 
binder burnout conditions (P-6) was used for each sintering profile. 
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From the data it was observed that the highest final density (1.756g/cm3) and higher relative 
density (45.05%) was achieved at a sintering temperature of 1500˚c for 5 hours (S-9). The second 
highest final density was achieved using profile S-10 at 1600˚c for 1 hour however it was within 
0.01% for the measured density of profile S-8 (1500˚c for 3 hours), well within the [30]margin of 
error. However, samples sintering sung profile S-10 displayed poor mechanical properties and 
lacked signs of widespread sintering. They were easily crushed and altered and had to be handled 
carefully in order to prevent sample erosion and decay. 
The only sample to display increased physical properties and signs of widespread sintering were 
samples sintered using profile S-9. These samples could be handled regularly and did not erode 
or crumble when excessive force was applied. This suggests that sintering dwell time has a larger 
impact on physical properties when compared to sintering temperature. 
The higher final density for longer sintering dwell times (5 hours) at lower temperatures (1500˚c) 
suggests that when sintering dwell time is extended beyond 3 hours, it is more influential on final 
density than sintering temperature.  
 
4.4 POROSITY  Pore	Volume = massUQR\TWQRSW −	massWTXdensityYQRST 		Apparent	Porosity = Pore	VolumeDry	Volume 		Alumina	Volume = massUQ]FS ∗ densityQF\]I^Q		Theoretical	Volume = Saturated	Volume + Alumina	Volumedry	volume  
Table 7: Porosity Data 
 Dry 
 Volume (cm3) 
Pore Volume 
(cm3) 
Apparent 
Porosity Volume Ratio 
S-7 0.701 0.384 54.87% 93.59% 
S-8 0.643 0.331 51.45% 92.44% 
S-9 0.643 0.315 49.00% 94.06% 
S-10 0.705 0.375 53.07% 94.08% 
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Figure 30: Theoretical Volume Characterisation 
 
Figure 31: Apparent Porosity Comparison 
 
From the tables above it is clear that close to all pore in each sample absorbed the liquid during 
saturation. The high theoretical volume of above 90% indicates that open porosity is present as 
water is able to freely fill up the majority of pores in the sample. 
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4.5 SEM MORPHOLOGY 
Using a Scanning Electron Microscope (Hitachi, Tabletop Microscope TM1030) at a voltage of 
15kV. Figure 32 - Figure 35 are SEM morphologies of sintered SLS fabricated Alumina-
Titanium Oxide samples. 
 
 
Figure 32: SEM images of profile S-7 sintered samples 
Analysis S-7 Figure 32: 
• No widespread sintering 
• Signs of limited initial neck growth 
• Titanium dioxide (top left image) shows signs of neck formation with alumina particle 
• Low density 
• High porosity 
• Poor mechanical properties   
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Figure 33: SEM images of profile S-10 sintered samples 
 
Figure 34: SEM images of profile S-8 sintered samples 
Analysis S-8 and S-9 (Figure 33 and Figure 34) 
• No widespread sintering 
• Signs of higher neck formation when compared to S-7 
• Low density still retained 
• High porosity still present 
• Significant volume decease yet no structural abnormalities 
• Poor mechanical properties 
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Figure 35: SEM images of profile S-9 sintered samples 
Analysis (S-9) Figure 35: 
• Widespread complete sintering 
• High porosity retained 
• Increase in density 
• No structural abnormalities macroscopically 
• Signs of microstructure cracking 
The dendrite formation is suspected to be from TiO2, however an EDS analysis is required to 
determine this for sure.  This indicates a temperature variation across the sample. 
The irregularity of the ceramic particles and the increase in sample density suggests that 
predominately grain boundary diffusion sintering occurred.  
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5. CONCLUSIONS 
The following conclusions can be drawn from this report: 
1. Combining binder burnout and high temperature sintering into one temperature profile will 
result in highly deformed sintered alumina ceramics with relative densities below 25%. 
2. A two stage binder burnout and high temperature sintering process is needed in order for 
dense alumina ceramics to be manufactured. Optimum binder burnout conditions occur at 
550˚c for 60 minutes and require inert gas ventilation in order for the samples to retain 
structural cohesion. 
3. During binder burn out, temperatures higher than 550˚ and dwell times longer than 60 
minutes are inconsequential to sample mass loss. 
4. During high temperature sintering, sintering dwell has a greater effect on sintering 
temperature for. 
5. Sintering dwell times of 3 hours or longer is necessary for widespread neck formation to 
occur in Alumina-Titanium Oxide ceramics. 
6. Optimisation of heating and cooling rates and effect on PA12 binder composition is still 
needed, promising results have set an experimental basis for further research. 
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6. APPENDICES 
APPENDICES 1 – MASS VOLUME AND DENSITY DATA 
Table 8: Green Part Data – SIGNLE STAGE BINDER BURNOUT + SINTERING 
Sample Mass (g) Volume (cm3) Density (g/cm3) Relative Density 
1.1 1.563 1.101 1.420 56.56% 
1.2 1.384 1.154 1.199 47.78% 
1.3 1.509 0.985 1.532 61.04% 
1.4 1.237 1.014 1.220 48.60% 
1.5 1.585 1.035 1.531 61.01% 
1.6 1.311 1.209 1.084 43.20% 
2.1 1.417 1.099 1.289 51.37% 
2.2 1.269 1.034 1.227 48.90% 
2.3 1.282 0.981 1.307 52.06% 
2.4 1.557 0.964 1.615 64.35% 
2.5 1.244 1.195 1.041 41.47% 
2.6 1.355 0.961 1.410 56.17% 
 
Table 9: Green Part Data – Binder Burnout ONLY 
Sample Mass (g) Volume (cm3) Density (g/cm3) Relative Density 
3.1 1.33 0.928 1.433 57.10% 
3.2 1.401 1.048 1.337 53.26% 
3.3 1.384 0.916 1.511 60.20% 
3.4 1.289 1.131 1.140 45.41% 
3.5 1.371 1.126 1.218 48.51% 
3.6 1.482 0.972 1.525 60.74% 
4.1 1.22 1.033 1.181 47.05% 
4.2 1.426 1.034 1.379 54.94% 
4.3 1.208 1.011 1.195 47.60% 
4.4 1.449 1 1.449 57.73% 
4.5 1.373 0.952 1.442 57.46% 
4.6 1.293 1.049 1.233 49.11% 
5.1 1.574 1.19 1.323 52.70% 
5.2 1.381 1.016 1.359 54.15% 
5.3 1.255 1.065 1.178 46.95% 
5.4 1.49 0.952 1.565 62.36% 
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5.5 1.312 1.103 1.189 47.39% 
5.6 1.218 1.096 1.111 44.28% 
6.1 1.437 0.969 1.483 59.08% 
6.2 1.326 0.996 1.331 53.04% 
6.3 1.317 0.987 1.334 53.16% 
6.4 1.227 1.017 1.206 48.07% 
6.5 1.355 1.017 1.332 53.08% 
6.6 1.442 1.122 1.285 51.20% 
 
Table 10: Green Part Data – HIGH TEMEPRATURE SINTERING 
Sample Mass (g) Volume (cm3) Density (g/cm3) Relative Density 
3.1 1.33 0.928 1.433 57.10% 
3.2 1.401 1.048 1.337 53.26% 
3.3 1.384 0.916 1.511 60.20% 
3.4 1.289 1.131 1.140 45.41% 
3.5 1.371 1.126 1.218 48.51% 
3.6 1.482 0.972 1.525 60.74% 
4.1 1.22 1.033 1.181 47.05% 
4.2 1.426 1.034 1.379 54.94% 
4.3 1.208 1.011 1.195 47.60% 
4.4 1.449 1 1.449 57.73% 
4.5 1.373 0.952 1.442 57.46% 
4.6 1.293 1.049 1.233 49.11% 
5.1 1.574 1.19 1.323 52.70% 
5.2 1.381 1.016 1.359 54.15% 
5.3 1.255 1.065 1.178 46.95% 
5.4 1.49 0.952 1.565 62.36% 
5.5 1.312 1.103 1.189 47.39% 
5.6 1.218 1.096 1.111 44.28% 
6.1 1.437 0.969 1.483 59.08% 
6.2 1.326 0.996 1.331 53.04% 
6.3 1.317 0.987 1.334 53.16% 
6.4 1.227 1.017 1.206 48.07% 
6.5 1.355 1.017 1.332 53.08% 
6.6 1.442 1.122 1.285 51.20% 
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Table 11: Post Binder Burnout Data: BINDER BURNOUT ONLY 
Sample Mass (g) Mass 
Change 
Volume 
(cm3) 
Density 
(g/cm3) 
Density 
Change 
Relative 
Density 
3.1 1.042 -21.65% 0.928 1.123 -31.03% 28.81% 
3.2 1.099 -21.56% 1.048 1.049 -28.82% 26.91% 
3.3 1.098 -20.66% 0.916 1.199 -31.22% 30.76% 
3.4 1.009 -21.72% 1.131 0.892 -24.76% 22.89% 
3.5 1.071 -21.88% 1.126 0.951 -26.64% 24.41% 
3.6 1.162 -21.59% 0.972 1.195 -32.92% 30.68% 
4.1 0.916 -24.92% 1.033 0.887 -29.43% 22.75% 
4.2 1.095 -23.21% 1.034 1.059 -32.01% 27.17% 
4.3 0.914 -24.34% 1.011 0.904 -29.08% 23.20% 
4.4 1.103 -23.88% 1.000 1.103 -34.60% 28.30% 
4.5 1.053 -23.31% 0.952 1.106 -33.61% 28.38% 
4.6 0.979 -24.28% 1.049 0.933 -29.93% 23.95% 
5.1 1.227 -22.05% 1.190 1.031 -29.16% 26.46% 
5.2 1.063 -23.03% 1.016 1.046 -31.30% 26.85% 
5.3 0.97 -22.71% 1.065 0.911 -26.76% 23.37% 
5.4 1.153 -22.62% 0.952 1.211 -35.40% 31.08% 
5.5 1.016 -22.56% 1.103 0.921 -26.84% 23.64% 
5.6 0.944 -22.50% 1.096 0.861 -25.00% 22.10% 
6.1 1.149 -20.04% 0.969 1.186 -29.72% 30.43% 
6.2 1.049 -20.89% 0.996 1.053 -27.81% 27.03% 
6.3 1.049 -20.35% 0.987 1.063 -27.15% 27.27% 
6.4 0.973 -20.70% 1.017 0.957 -24.98% 24.55% 
6.5 1.074 -20.74% 1.017 1.056 -27.63% 27.10% 
6.6 1.145 -20.60% 1.122 1.020 -26.47% 26.19% 
 
Table 12: Post Binder Burnout Data: High Temperature Sintering 
Sample Mass (g) Mass Change 
Volume 
(cm3) 
Density 
(g/cm3) 
Density 
Change 
Relative 
Density 
7.1 1.149 -20.04% 0.969 1.186 -29.72% 30.43% 
7.2 1.049 -20.89% 0.996 1.053 -27.81% 27.03% 
7.3 1.049 -20.35% 0.987 1.063 -27.15% 27.27% 
7.4 0.973 -20.70% 1.017 0.957 -24.98% 24.55% 
7.5 1.074 -20.74% 1.017 1.056 -27.63% 27.10% 
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7.6 1.145 -20.60% 1.122 1.020 -26.47% 26.19% 
8.1 1.042 -21.65% 0.928 1.123 -31.03% 28.81% 
8.2 1.099 -21.56% 1.048 1.049 -28.82% 26.91% 
8.3 1.098 -20.66% 0.916 1.199 -31.22% 30.76% 
8.4 1.009 -21.72% 1.131 0.892 -24.76% 22.89% 
8.5 1.071 -21.88% 1.126 0.951 -26.64% 24.41% 
8.6 1.162 -21.59% 0.972 1.195 -32.92% 30.68% 
9.1 1.134 -21.69% 1.131 1.003 -27.76% 25.73% 
9.2 1.125 -21.27% 1.012 1.112 -30.04% 28.53% 
9.3 1.2 -20.53% 1.084 1.107 -28.60% 28.41% 
9.4 1.186 -21.97% 1.220 0.972 -27.38% 24.95% 
9.5 1.024 -21.23% 1.025 0.999 -26.93% 25.64% 
9.6 1.183 -22.02% 1.279 0.925 -26.11% 23.73% 
10.1 1.181 -21.42% 0.992 1.191 -32.46% 30.55% 
10.2 1.22 -20.31% 1.055 1.156 -29.48% 29.67% 
10.3 0.974 -20.29% 0.996 0.978 -24.90% 25.09% 
10.4 1.135 -20.68% 1.103 1.029 -26.84% 26.41% 
10.5 1.212 -20.47% 1.058 1.146 -29.49% 29.40% 
10.6 1.106 -21.84% 1.077 1.027 -28.69% 26.35% 
 
Table 13: Post High Temperature Sintering Data: High Temperature Sintering ONLY 
Sample Mass (g) Volume (cm3) 
Volume 
Change 
Density 
(g/cm3) 
Density 
Change 
Relative 
Density 
7.1 0.945 0.629 -35.09% 1.502 26.70% 38.55% 
7.2 1.161 0.765 -23.19% 1.518 44.10% 38.94% 
7.3 1.113 0.748 -24.21% 1.488 40.00% 38.18% 
7.4 1.107 0.729 -28.32% 1.519 58.72% 38.97% 
7.5 1.002 0.658 -35.30% 1.523 44.20% 39.08% 
7.6 1.016 0.676 -39.75% 1.503 47.28% 38.57% 
8.1 1.011 0.644 -30.60% 1.570 39.81% 40.28% 
8.2 0.962 0.596 -43.13% 1.614 53.92% 41.42% 
8.3 1.087 0.696 -24.02% 1.562 30.29% 40.08% 
8.4 0.989 0.618 -45.36% 1.600 79.38% 41.07% 
8.5 0.963 0.599 -46.80% 1.608 69.02% 41.25% 
8.6 1.145 0.702 -27.78% 1.631 36.44% 41.85% 
9.1 1.132 0.648 -42.71% 1.747 74.23% 44.83% 
  Page -  46 
9.2 1.108 0.629 -37.85% 1.762 58.46% 45.20% 
9.3 1.176 0.674 -37.82% 1.745 57.61% 44.77% 
9.4 1.164 0.658 -46.07% 1.769 81.97% 45.39% 
9.5 1.024 0.584 -43.02% 1.753 75.51% 44.99% 
9.6 1.166 0.663 -48.16% 1.759 90.14% 45.13% 
10.1 1.177 0.725 -26.92% 1.623 36.36% 41.66% 
10.2 1.2 0.769 -27.11% 1.560 34.94% 40.04% 
10.3 0.962 0.605 -39.26% 1.590 62.60% 40.80% 
10.4 1.135 0.704 -36.17% 1.612 56.68% 41.37% 
10.5 1.198 0.756 -28.54% 1.585 38.33% 40.66% 
10.6 1.087 0.672 -37.60% 1.618 57.51% 41.51% 
 
Table 14: Post High Temperature Sintering Data: SIGNLE STAGE BINDER BURNOUT + 
SINTERING 
Sample Mass (g) Volume (cm3) Volume Change Relative Density 
1.1 0.224 0.251 0.894 22.95% 
1.2 0.320 0.366 0.875 22.45% 
1.3 0.362 0.420 0.860 22.07% 
1.4 0.289 0.297 0.971 24.91% 
1.5 0.379 0.433 0.874 22.44% 
1.6 0.306 0.385 0.795 20.40% 
2.1 0.340 0.436 0.780 20.01% 
2.2 0.295 0.338 0.872 22.38% 
2.3 0.302 0.323 0.935 23.98% 
2.4 0.373 0.449 0.830 21.29% 
2.5 0.295 0.351 0.840 21.56% 
2.6 0.321 0.337 0.954 24.48% 
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